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ABSTRACT 

Chandra observations of knots and hot spots in spatially resolved X-ray jets 
of radio galaxies show that the X-ray fluxes often lie above an extrapolation from 
the radio-to-optical continuum fluxes. We show that combined synchrotron and 
Compton losses on a single power-law electron injection function can produce a 
hardening in the electron spectrum at electron Lorentz factors 7 ~ 2 x 10 8 /[r(l + 
z)\ due to KN energy losses on the cosmic microwave background radiation. Here 
T is the bulk Lorentz factor of the outflow, and z is the source redshift. This 
produces a flattening in the spectrum at frequencies >8x 10 16 5B^ G /[T 2 (1 + z) 3 } 
Hz, where B^q is the magnetic field in the comoving plasma frame in units of 
micro-Gauss and 5 is the Doppler factor. A single population of synchrotron- 
emitting electrons may therefore produce the radio-to- X-ray continuum in some 
radio galaxy knots, such as those in 3C 273. 

Subject headings: galaxies: active — galaxies: jets — gamma-rays: theory - 
radiation mechanisms: nonthermal — X-rays: galaxies 



1. Introduction 

The excellent spatial resolution of the Chandra X-ray Observatory is providing X-ray 
images of extended radio galaxy jets in the 0.2-8 keV band at resolutions better than 0.4" 
FWHM, and spectral detail of discrete components at flux levels between « 10~ 13 and 10~ 14 
ergs cm -2 s _1 . Combined with high resolution radio and optical maps, spectral energy 
distributions (SEDs) of spatially-resolved hot spots and knots in the jets of radio galaxies 
can be studied from the radio through the X-ray regime. 
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The broadband SEDs in many of the hot spots and knots show a general behavior 
whereby the X-ray spectra are harder than the optical spectra, and the X-ray fluxes are 
above an extrapolation from the optical fluxes. This behavior is observed in the SEDs of at 
least three of the four regions along the X-ray jet of 3C 273 (Sambruna et al. 2001; Marshall 
et al. 2001), the western hot spot of Pictor A (Wilson, Young, and Shopbell 2001), knot 
WK7.8 of PKS 0637-752 (Schwartz et al. 2000; Chartas et al. 2000), hot spot A of Cygnus 
A (Wilson, Young, and Shopbell 2000), and in some of the knots in the jet of M87 (Wilson 
& Yang 2001). In other cases, such as the X-ray jet in 3C 66B (Hardcastle, Birkinshaw, & 
Worrall 2001), knots Al and A3 in 3C 273 (Marshall et al. (2001); see, however, Sambruna 
et al. (2001) for a different spectral analysis), and some other knots in M87's jet (Wilson & 
Yang 2001), the X-ray-optical-radio spectrum is consistent with a single or smoothly broken 
power-law spectrum, indicating that the broadband emission is entirely due to nonthermal 
synchrotron radiation. 

Three main leptonic processes have been considered to account for the X-ray emission in 
the extended jets (e.g., Harris and Krawczynski 2002): nonthermal synchrotron radiation, 
synchrotron self-Compton (SSC) radiation, and X-ray emission from Compton-scattered 
external radiation fields. Nonthermal synchrotron emission is favored for smooth spectra 
and for the western hot spot of Pictor A (Wilson, Young, and Shopbell 2001), where an SSC 
origin implies a very weak magnetic field, and a combined SSC/synchrotron origin requires 
that the two emission components be carefully matched in the X-ray regime. The SSC 
process can, however, explain the X-ray emission mechanism from the bright radio hot spots 
of Cygnus A (Wilson, Young, and Shopbell 2000), the radio hot spots of 3C 295 (Harris et 
al. 2000), and the eastern hot spot of 3C 123 (Hardcastle, Birkinshaw, & Worrall 2001a). 

Tavecchio et al. (2000) and Celotti, Ghisellini, & Chiaberge (2001) argue that the X- 
ray emission from knot WK7.8 is due to Compton-scattered cosmic microwave background 
radiation (CMBR) rather than to SSC emission, because an SSC model requires a system 
well out of equilibrium and a jet that is significantly debeamed. This model invokes an 
emitting region in bulk relativistic motion on size scales of several hundred kpc, in accord with 
observations of one-sidedness in the jets on these size scales. Such a model has been applied 
to X-ray emitting knots in the jet of 3C 273 by Sambruna et al. (2001). A synchrotron model 
for the X-ray emission is discounted because it would apparently require two populations of 
relativistic electrons to explain the radio, optical, and X-ray fluxes. Another possibility is 
that the X-rays are synchrotron radiation of high-energy protons (Aharonian 2001). 

Here we show that synchrotron emission from a single population of electrons injected 
with a nonthermal power law spectrum can produce X-ray spectral hardenings. When CMBR 
cooling in the Thomson regime exceeds synchrotron cooling, a hardening in the electron 
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spectrum is formed at electron energies where KN effects become important. This produces 
a hardening in the synchrotron spectrum between optical and X-ray frequencies. In the next 
section, an analytic model for the synchrotron origin of X-ray emission from extended jets is 
presented, motivated by Chandra observations of 3C 273. Results of a numerical simulation 
with cascade reprocessing are given in Section 3. Section 4 gives a discussion and summary. 

2. Analytic Model 

In 3C 273, the X-ray energy spectral index in the inner knot region A has a x ~ 1.1, a 
value characteristic of a cooling shock-accelerated electron spectrum, and there is an indi- 
cation of spectral softening along the jet (Sambruna et al. 2001). The peaks of the X-ray 
emission along the jet of 3C 273 closely track the peaks in the optical waveband, and the 
overall X-ray emission profile displays a decreasing mean intensity along the jet, whereas the 
optical intensity is roughly uniform along the jet. The radio profile also displays brighten- 
ings in spatial coincidence with the X-ray and optical peaks, but the radio intensity increases 
dramatically along the jet. The optical emission profiles are narrower than those of the radio 
emission. 

These behaviors suggest that the electron population producing the radio emission accu- 
mulates due to weak cooling, whereas the electrons producing the optical and X-ray emission 
strongly cool. Electrons that produce synchrotron radio emission at observer's frame fre- 
quencies v have Lorentz factors 7 « 5xl0 4 [(z//5 GEz)(l + z)/5B^ G ]^ 2 , whereas the electrons 
that Compton scatter the CMBR to X-ray energies E x have 7^ lx 10 3 [(E X /1 keV)/5T] 1 ^ 2 . 
Consequently the X-ray emitting electrons will cool more slowly than the radio-emitting 
electrons unless B exceeds milli-Gauss intensities. The fast-cooling requirement for the X- 
ray emitting electrons is readily satisfied assuming a synchrotron origin for the X-rays. In 
this paper, we neglect complications that involve variations of the magnetic field B and the 
Doppler factor 5 = [T{1 - (3 r cos9)]- 1 along the length of the jet. (Here f3 r = (1 - r~ 2 ) _1 / 2 
and 9 is the angle between the directions of the jet and the observer.) 

The synchrotron energy-loss rate of relativistic nonthermal electrons with a random 
pitch-angle distribution in a region with comoving mean intensity B is —jsyn - 1.3 x 
10~ 21 -B 2 G 7 2 s _1 = kgyn'y 2 (Blumenthal & Gould 1970). Under the same conditions, the 
energy loss rate due to Compton-scattered CMB radiation in the Thomson limit is — 7 T = 
(4ca T /3m e c 2 )7 2 (l + zfu C MBT 2 {l + $/3) = 1.7 x 10- 20 7 2 (i + z) 4 T 2 s' 1 = k Tl 2 , where 
ucmb — 4 x 10~ 13 ergs cm -3 is the local [z = 0) intensity of the CMBR. This expression 
holds when 7 <C 7kn, where 7kn is the Lorentz factor above which KN effects become im- 
portant, given through 47kn^' = 1- For the CMB radiation, the dimensionless mean photon 
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energy e' = € C mbT{1 + z) = 2.7 (k B x 2. 72K)r(l + z) /m e c 2 and e CM B = 1-24 x 10~ 9 , so that 
electrons with 7 <C 7kn = 2 x 10 8 /r(l + z) scatter CMB radiation in the Thomson regime. 

In the extreme KN limit, the electron energy loss rate — 7kn — 4.6x 10~ 3 (l+z) 2 ln[2.547 10 r(l + 
z)] s- 1 (Blumenthal & Gould 1970), where 7l0 = 7/IO 10 , and = fc B (2.72)(l + z)/m e c 2 = 
4.6 x 10~ 10 (1 + z) is the dimensionless temperature. We approximate the combined energy- 
loss rate for analytic simplicity by the expression 

-7 = [ksyn + i ~ (Q fc 7 T /7KN) J 7 2 = ^nc(7)7 2 , (1) 

where a = 0.5 and b = 1.7 are chosen to fit roughly the —7 oc In 7 behavior in the extreme 
KN regime and to provide spectral results within a factor ~ 2-3 of the numerical results. 
Equation (1) shows that when /c T ^> k syn , 7 is dominated by Thomson losses at 7 7kn, 7 
flattens at 7kn ^7^7 = lKN\fk"Y/k syn = IknVNts, and 7 is dominated by synchrotron 
losses at 7 3> 7. Adiabatic losses are neglected here but can be shown to be negligible for 
X-ray emitting electrons. 

For numerical calculations in the next section, we solve the time-dependent continu- 
ity equation for the energy spectrum of electrons N e {^,t) injected in the source with dif- 
ferential injection rate Q(7,t)- For the analytic model treated here, we approximate the 
injection rate as a stationary function starting from t = 0, with a single power-law be- 
havior Q(7) = Qol~ p ex P(— l/lmax) f° r 7 > lmin, implying a comoving frame electron 
power L e = m e c 2 P max di 7(5(7)- In the stationary injection case with p > 1, the energy 
distribution of electrons at time t can be approximated by iV e (7, t) ~ Q(l)t& c , where the 
characteristic electron accumulation time t ac = min(t,t cooi = —7/7). In this approximation 

{sihcj ' for lmin ~ 7 - lcoot 
(2) 
k^W) > for < 7 < 7™, 

where 7 coo ; = i coo i(t) i s found from the equation t coo i(i coo i) = t. Equation (2) applies when 
lmin < Icooi and is easily generalized in the opposite case. We consider the case where 
Icooi < 7kn < Imax, and i max = ^3e max e/a T B ^ 4.6 x 10 10 ^ e max / B nG (e.g., de Jager et 
al. 1996), where the parameter e max < 1. 

In the (^-function approximation for the synchrotron and Thomson radiation processes, 
the vF v synchrotron radiation spectrum from a uniform blob, assumed spherical in the 
comoving frame, is 

fr K st (w» j ^JV,^) , (3) 
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where ^ syn = + z)e/ (Ssb), is the luminosity distance, e = hu/m e c 2 , and e B = 
5/4.414 x 10 13 G. The vF v Thomson radiation spectrum for an external isotropic monochro- 
matic radiation field is 

(Dermer et al. 1997; Dermer & Schlickeiser 2001). Here 7c = 5 _1 a/ (1 + z)e/ (2e*), = 
£cmb{^+z) and u* = ucmb(^+z) a are the mean photon energy and radiation energy density, 
respectively, of the ambient CMBR field in the stationary frame. An accurate representation 
of the Compton-scattered spectrum in the KN regime is given by Georganopoulos, Kirk, & 
Mastichiadis (2001). 

The KN effects on the synchrotron spectrum are observed at z/ K Nsi(Hz) = 25 B^^/ (1 + 
z) ks 8 x 10 16 <5-B MG /[r 2 (l + z) 3 ]. The reduction of Compton losses compared to the —7 oc 7 2 
behavior hardens the electron spectrum until synchrotron losses dominate at 7 > 7, re- 
sulting again in a steepening of the synchrotron spectrum in the hard X-ray domain. The 
KN effects on the Compton-scattered CMBR spectrum are observed at dimensionless pho- 
ton energy exNC — ^kncA^c 2 = 10 8 (5/r)(l + z)~ 2 , implying a hardening in the photon 
spectrum at photon energy E > E KNC = 50(5/r)(l + z)' 2 TeV. We set the normalization 
Qo = (p — 2)10 44 L 44 ergs s _1 /[(m e c 2 )(7^ — itnax)] an d let p = 2.3, corresponding to the 
likely spectral index of particles accelerated by relativistic shocks (Achterberg et al. 2001). 

Figs, la and lb show two suites of models inspired by the Chandra data. In Fig. la, 
we assume that T = 10 in a nearby radio galaxy with z = 0.15. We also assume that the jet 
axis is inclined at an angle 9 = A/Y = 23°. The comoving magnetic field ranges in values 
from 5 to 50 fiG, and effects of different values of 7 C00 2 are illustrated. A field of 44 /xG 
gives equipartition between the magnetic-field and comoving CMBR energy densities. The 
spectral hardening between the optical and X-ray regimes is apparent. Note that the use of 
the ^-function approximation in the analytic approach enhances spectral features. 

The T = 10 jet with B^ G = 30 and 7 coo ; = 10 5 is placed at z — 1 in Fig. lb, but now with 
the outer jet oriented at various angles to the observer. The increasingly dominant Compton 
component at small angles results from the different beaming factors for synchrotron and 
Compton processes (Dermer 1995). For sufficiently small values of 9 and 7 m j„, Thomson- 
scattered X-ray CMBR could make a significant or dominant contribution to knot and hot 
spot emission, as in knot WK7.8 of the z = 0.651 superluminal source PKS 0637-752, 
with apparent transverse speeds reaching ps 18c (Schwartz et al. 2000; Tavecchio et al. 
2000). When observing too close within the beaming cone, the direct inner jet radiation 
may however dominate, which could result in a pattern of 7-ray flares superimposed on a 
significantly weaker but persistent (on time scales of thousands of years) flux. 
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3. Numerical Model 

Numerical calculations are done using the well-known solution for the energy distribution 
iV e (7,t) of electrons suffering energy losses P{^f) = (— 7), which are contributed mostly by 
Compton and synchrotron losses. Calculations are done in the comoving frame of a source 
moving relativistically with Lorentz-factor T, and then the emerging radiation spectra are 
transformed to the observer frame. We neglect possible escape losses of accelerated particles. 
This is valid for the large characteristic size of the X-ray knots of order Rknot ~ 1-10 kpc or 
so, because for 7 > 10 4 the electron cooling time t coo \ < 10 5 yr in the comoving frame, which 
is smaller than any reasonable escape time from such a large source. Particle escape may be 
important in much smaller-scale inner jets of blazars (Atoyan & Dermer 2001, 2002) or jets 
of microquasars (Atoyan & Aharonian 1999). 

Gamma rays with energies > 10 15 r _1 (l-|-z) _1 eV could be absorbed in 77 collisions with 
the CMB photons inside the source. This process provides an injection function Qi, 77 (7,t) 
for the first generation electrons (e + ,e~) of the pair-photon cascade, which we also take 
into account in our calculations. Note however that the cascade radiation turns out to be 
insignificant compared with the radiation from the main injection Q(7,t) unless a large 
fraction of the overall power is injected at electron energies > 100 TeV (Atoyan & Dermer 
2002). 

We consider an electron injection spectrum 

Q( 7 , t) ~ r v e~ 7/ow * (1 + t/t inj )- q (5) 

at energies r y m i n < 7 extending with index p = 2.3 to PeV energies, and we set 7 maa; = 2 x 10 9 . 
The injection function is approximated by Q oc (7 /^cooi) 2 at 7 < 7 mi „ = 7 r with 7 = 300. 
Note that for electron acceleration by relativistic shocks, the values of 70 could reach a large 
fraction of {m p /m e )T ~ 2000r. The time profile of the injection in equation (5) treats both 
stationary (at t > 0) injection if t in j ^> t, as well as gradually declining injection at U n j < t, 
when q > 0. 

In Fig. 2a we show the synchrotron and Compton fluxes expected from a relativistic 
knot with T = 10 in a distant blazar at z — 1 for three different times in the knot frame: 
t' = 10 4 yr, 5 x 10 4 yr, and 3 x 10 5 yr. If the injection starts relatively close to the core, 
then these timescales would effectively correspond to knots at distances / = ct'F ~ 33 kpc, 
166 kpc, and ~ 1 Mpc from the core. Injection is assumed to be stationary with L 44 = 1, 
and the magnetic field and the jet angle to the observer are B = 30 /iG and 9 = 11.4° 
respectively. Fig. 2b shows the fluxes expected at the same epochs t' from a closer blazar 
at z = 0.15, calculated for a smaller magnetic field B = 6 fj,G and T = 5, and with 9 = 23°. 
The electron injection here is assumed to decline with q — 1/2 and with a characteristic 
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timescale t in j = 5 x 10 3 yr, for initial power L 44 = 5. Fig. 2b demonstrates that the X-ray 
and optical fluxes may significantly drop while the radio flux continues to rise with increasing 
distance, as observed in 3C 273 (Sambruna et al. 2001). At the same time, the X-ray fluxes 
may be systematically harder than the optical spectra, again in qualitative agreement with 
observations of 3C 273. 



4. Discussion and Summary 

We have shown that the combined effects of Compton and synchrotron losses on a 
power-law electron injection spectrum can produce a hardening between the optical and X- 
ray regimes. This model is in accord with observations of X-ray spectral hardenings in the 
knots of 3C 273 (Sambruna et al. 2001; Marshall et al. 2001) and other sources, suggesting 
that the X-ray emission is due to a cooling spectrum of electrons accelerated by a strong 
shock. In a synchrotron model for the X-rays, the X-ray profiles are narrower than radio 
profiles, because the X-rays are emitted by higher energy electrons and therefore cool more 
rapidly than the radio-synchrotron emitting electrons. 

The Thomson energy-loss rate must exceed the synchrotron energy loss-rate to produce 
X-ray spectral hardenings, so a large fraction of the energy in nonthermal electrons is radiated 
as 7-rays with energies > 50(S/T)(l+z)~ 2 TeV. The Compton-scattered CMB radiation from 
the knots and hot spots make nearly aligned extended jet sources potentially detectable 
with GLAST and the next generation of ground-based air Cherenkov 7-ray telescopes such 
as VERITAS, HESS, and MAGIC. The relative intensities of the X-ray and 7-ray fluxes 
can be used to infer 5, but the limited spatial resolution of gamma-ray telescopes will pose 
difficulties in separating core jet components (excepting those which are highly variable) from 
steady extended emission components. SIRTF will be important to offer greater spectral 
detail about the synchrotron component, and to correlate spectral-cooling breaks in the 
synchrotron component with the break in the Thomson component observed with GLAST. 

The CMB radiation scattered in the Klein-Nishina regime will provide a source of ultra- 
high energy gamma-rays that can pair produce in the diffuse CMB and infrared radiation 
fields to form pair halos (Aharonian, Coppi, & Volk 1994), as well as providing a source of 
synchrotron-emitting electrons. The mean-free-path for 77 attenuation in the CMB reaches 
a minimum value of = 8 kpc/(l + z) 3 at observed photon energies E 1 = 1 PeV, and increases 
to Mpc scales at lower and higher energies. In the model of Atoyan & Dermer (2001, 2002), 
the injection of energy into the extended jets of FRII radio galaxies is a consequence of 
neutral beams composed of ultra-high energy neutrons and 7-rays (~ 10 13 ' 5 -10 18 eV) formed 
through photomeson production in the inner jet, explaining the colinearity of the inner and 
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extended jets up to Mpc scales. The highly collimated neutral-beam energy is deposited 
in the intergalactic medium to drive relativistic outflows and form shocks that accelerate 
high-energy particles which radiate X-ray emission observed with Chandra. 

We thank Hui Li for discussions about the synchrotron radiation from high-energy pair 
cascades, Andrew Wilson for discussions about the Chandra data, and the referee for a useful 
report. AA appreciates the hospitality and support of the NRL Gamma and Cosmic Ray 
(now High Energy Space Environment) Branch during his visit when this work has been 
done. The work of CD is supported by the Office of Naval Research and NASA grant No. 
DPR S-13756G. 
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Fig. 1. — Analytic model SEDs radiated by a relativistic magnetized knot energized by 
stationary relativistic power-law electron injection. The electrons are subject to synchrotron 
losses and Compton losses with CMB photons, (a) The source is at redshift z = 0.15, and 
the jet is oriented at — 4/T, with bulk Lorentz factor T = 10 and different comoving 
magnetic fields as labeled. Separate synchrotron and Thomson components are shown in the 
Bfj,G = 5 case. The value of 7 coo ; = 10 5 except for the dot-dashed curve, where 7 coo ; = 10 6 . 
The injection power in nonthermal electrons is L e = 10 44 ergs s _1 (L 44 = 1), 7 m j„ = 3000, 
and e max = 0.01. (b) Analytic model SEDs of a source at z = 1 (d L = 2.2 x 10 28 cm) with 
T = 10, -B^g = 30, e max = 0.01, and 7 coo i = 10 5 . Effects of changes in the angle between 
the jet and observer directions are shown. Rough sensitivities for EGRET and GLAST in 
a 1-year survey, the sensitivity for Chandra from published analyses, and the anticipated 
sensitivity of next-generation air Cherenkov telescopes are shown for comparison. 
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Fig. 2. — Numerical model for fluxes expected from blazar jets at comoving times t' = 10 4 yr 
(dot-dashed curves), 5 x 10 4 yr (dashed curves), and t' = 3x 10 5 yr (solid curves) after the 
start of injection event, (a) Numerical model for fluxes expected from a distant (z = 1) 
blazar jet with stationary injection of electrons in a relativistic knot for B = 30 /iG, T = 10, 
9 = 2/r = 11.4°, L = 10 44 ergs _1 , and 7 maa; = 8.5 x 10 9 , corresponding to e max = 1- (b) 
Fluxes from a close blazar (z = 0.15) for T = 5, B = 6//G, 9 = 23°, and 7 max = 2 x 10 9 , 
corresponding to e max = 0.01. A gradually decreasing power of injection, with q = 0.5, 
Unj = 5 x 10 3 yr, and an initial luminosity L 44 = 5 is supposed. 



